Whey, produced in large quantities during cheese production, is a rapidly fermentable high strength wastewater characterized by a high biodegradability and low alkalinity. In this study, a lab-scale cross-flow anaerobic membrane bioreactor was used to address the commonly experienced difficulties such as unstable reactor performance and unexpected biomass losses when treating whey wastewater with conventional anaerobic reactors. The anaerobic membrane bioreactor provided a stable treatment performance, i.e. more than 90% chemical oxygen demand removal, and moderate membrane fluxes between 8 and 11 L m concentrations. Sludge filterability indicated by capillary suction time and specific resistance to filtration deteriorated throughout the study. Chemical cleaning efficiency gradually decreased, indicating irreversible membrane fouling during long term operation.
Introduction
Cheese whey, a by-product remaining after the precipitation and removal of milk casein and fats during the cheese making process, is considered either a resource of interest or a concentrated wastewater requiring treatment, depending on the different points of view. Whey basically represents 85-95% of the milk volume and typically contains lactose (4.5-5% w/v), soluble proteins (0.6-0.8% w/v), lipids (0.4-0.5% w/v), lactic acid (0.05% w/v) and mineral salts (8-10% of dry matter) (Siso, 1996) . Although it is possible to recover many alternative products from whey, such as i) condensed or powdered whey, ii) whey protein concentrate, iii) lactose and its derivatives, many small to medium scale industries do not have the technical know-how or economic power to apply these valorization technologies. Thus, this makes it necessary to consider an efficient way for the treatment of whey as a wastewater stream (Malaspina et al., 1996; Mockaitis et al., 2006; Escalante et al., 2017) .
When no valorization is possible, cheese whey is considered a very concentrated wastewater characterized by a high chemical and biochemical oxygen demand (COD and BOD), low pH and alkalinity. The whey wastewater is highly biodegradable (~99%) and the main portion of the COD can be attributed to the lactose content coming from the milk (Siso, 1996; Malaspina et al., 1996) . Cheese whey can be classified as acid (pH < 5) or sweet (pH: 6-7), depending on the procedure used for casein precipitation. Acid whey generally has higher ash and salinity content, lower protein content than the sweet whey (Kosinowski, 1979; Patel and Madamwar, 1997) . More than 50% of whey salts are NaCl and KCl and the rest are calcium salts, mainly phosphate (Siso, 1996) . As a wastewater, whey needs extensive treatment prior to discharge into receiving water bodies (Prazeres et al., 2012; Carvalho et al., 2013) .
Anaerobic digestion is considered the state-of-the-art technology for the treatment of high strength industrial wastewaters such as whey. Therefore, digestion of cheese whey was investigated by many researchers and several different reactor configurations such as anaerobic upflow fixed film reactor (Gannoun et al., 2008; Patel et al., 1994) , anaerobic rotating biological contactor (AnRBC) (Patel and Madamwar, 1997) , two phase system consisting of a completely stirred tank reactor (CSTR) (hydrolytic stage) and an AnRBC (methanogenic stage) , upflow anaerobic sludge blanket reactor (UASB) (Yan et al., 1990; Hwang et al., 1992) , two stage system consisting CSTR and UASB reactors (Diamantis et al., 2014) and anaerobic membrane bioreactor (AnMBR) (Saddoud et al., 2007; Spagni et al., 2010) were proposed for the treatment of this concentrated wastewater. Although more than 90% COD removal efficiency could be obtained, several studies reported continuous requirement of alkalinity supplementation (Mockaitis et al., 2006) , impairment of biomass granulation (McHugh et al., 2003) , calcification of sludge bed (El-Mamouni et al., 1995) , biomass washout (Malaspina et al., 1996) , and process failures (Gavala et al., 1999) . Thus, the whey wastewater, despite its high biodegradability, is considered as a quite problematic substrate for anaerobic treatment due to its high rapidly acidifiable COD, salt and calcium content, and lack of alkalinity (Malaspina et al., 1996; Patel and Madamwar, 1997) . It is underlined that alkalinity supplementation was crucial for the anaerobic treatment of cheese whey, especially during the reactor start-up and high organic load periods. Alternative methods to maintain a stable reactor performance for the anaerobic treatment of whey wastewater were also proposed. Anaerobic co-digestion of cheese whey together with substrates having high buffer capacity such as dairy manure and poultry waste was recommended to achieve and sustain a stable treatment performance Desai and Madamwar, 1994; Comino et al., 2009; Brown et al., 2016) . In case of UASB and expanded granular sludge bed (EGSB) reactors, effluent recycling is regarded conditional for achieving stabilized reactor performance, owing to effective dilution of influent COD, efficient use of effluent alkalinity for upfront neutralization (less chemical costs), and improved hydraulic mixing.
AnMBRs offer an important potential for the treatment of industrial wastewaters such as whey, which can cause problems in high-rate anaerobic reactors that rely on the granulation of biomass (Dereli et al., 2012) . They provide a stable reactor performance by retaining slow growing methanogens with the help of filtration and produce particle free and high-quality effluents, which can be further used for water recovery in industries and agriculture. In fact, one of the first commercial example of AnMBRs, referred to as membrane anaerobic reactor separation (MARS) system, was developed by Dorr-Oliver Company in the early '80 s for the treatment of cheese whey (Gao et al., 2014) . Most recently, Saddoud et al. (2007) treated cheese whey by a two staged system consisting of an acidogenic CSTR and a methanogenic AnMBR, and reported very high COD removal efficiencies and permeate fluxes up to 98.5% and 139.5 L m -2 h -1 , respectively. They obtained this high flux in short term tests by using a ceramic microfiltration membrane operated at a cross-flow velocity (CFV) of 5 m s -1
and trans membrane pressure of 1.75 bars. However, Spagni et al. (2010) have reported much lower fluxes (2-5 L m -2 h -1 ) compared to Saddoud et al. (2007) on long term tests for the treatment of whey and sucrose mixture (1:1 in COD basis) in a submerged AnMBR. Anaerobic membrane bioreactors can address some of the abovementioned problems, i.e. poor granulation and biomass washout, for cheese whey treatment and provide a high and stable treatment efficiency. The purpose of this study is to investigate the biological and filtration performance of an AnMBR treating cheese whey. Long term filtration performance of the reactor was presented and short term critical flux tests were conducted to investigate the effect of CFV and mixed liquor suspended solids (MLSS) concentration on achievable membrane flux. Finally, post-mortem analysis of the used membrane was conducted to investigate the physical and chemical cleaning efficiency on membrane foulants.
Materials and methods

Experimental methods
Routine parameters such as total suspended solids (TSS), volatile suspended solids (VSS), total Kjeldahl nitogen (TKN), ammonium nitrogen was measured according to Standard Methods (APHA, 1998). COD, total phosphorus (TP) and phosphate phosphorus (PO 4 3--P) were measured with Hach Lange kits. Soluble parameters were measured after filtering the sample through 0.45 µm syringe filters (Millipore). Soluble protein and carbohydrates were measured by using bicinchoninic acid (Sigma Aldrich BCA) and phenol-sulfuric acid methods (Dubois et al., 1956) Dereli et al. (2014) . Viscosity of the sludge at 37°C with different TSS concentrations was measured with a viscometer (Thermo Scientific Haake Viscotester 550).
Wastewater characterization
Concentrated whey permeate obtained from a cheese manufacturer was used in the study. The substrate was prepared by diluting the concentrated feed stock with tap water in order to achieve a total COD concentration of 29.2 ± 3.3 g L -1 . The average soluble protein and carbohydrate concentrations in the feed was measured as 1.4 and 14.1 g L -1 , respectively. The concentrations of other parameters in the feed are presented in Table 1 . Since whey contains low concentrations of nitrogen due to casein harvesting in the cheese making process, COD:TKN ratio of the whey was adjusted to around 50 by adding urea in order to prevent biomass growth limitation. The feed contained high Table 1 Feed characterization (mean ± standard deviation).
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Reactor configuration and operation
A 10 L CSTR coupled with a cross-flow tubular ultrafiltration membrane module was used as the lab-scale AnMBR (Fig. 1) . The reactor was mixed with a top entry mechanical mixer (35 rpm) and membrane recirculation loop (0.92 m 3 d -1 ). The reactor was operated at mesophilic conditions (37°C) for 169 days. Granular sludge obtained from a full-scale EGSB reactor treating lactose-based wastewater was crushed and used as inoculum. Trans membrane pressure (TMP), pH and daily biogas production of the reactor was logged online at different intervals. The pH was set to 6.7-7.2 and automatically controlled (Hach Lange SC-1000) by dosing 1 N caustic into the reactor. The reactor was started-up (first 4 weeks) with complete retention of the anaerobic biomass. Following this period, the solids retention time (SRT) was regulated at 50 days by discarding 200 mL of mixed liquor daily from the reactor to keep MLSS concentration at around 40 g L -1 .
The tubular membrane used in the study was made of polyvinylidene fluoride (PVDF) and had a pore size and effective filtration area of 0. 
Membrane autopsy
An autopsy was performed on the fouled membrane at the end of the reactor operation. The membrane was cut into pieces and the samples were fixed with 3.0% glutaraldehyde in 0.1 M phosphate buffer at pH 7.2. Then the samples were dehydrated by soaking in to ethanol solutions with increasing volumetric ratios (50%, 70%, 80%, 90%, 95%). The fouling layer on the membrane was observed with a scanning electron microscope (SEM) (Jeol JSM 5600 LV). The elemental composition of fouling layer was analyzed with energy dispersive X-ray (EDX) spectroscopy (FEI Quanta FEG250). The major functional groups of foulants were characterized with a Fourier Transform Infrared (FTIR) Spectrophotometer (Perkin Elmer Spectrum 100 FT-IR). R.K. Dereli et al. Environmental Research 168 (2019) 109-117 3. Results and discussion
Biological performance
In general, a high COD removal efficiency over 90% was observed in the AnMBR (Fig. 2) . The efficiency dropped sharply when the feed nitrogen content was decreased from 700 mg L -1 to 110 mg L -1 between 130 and 169 days. However, the reactor quickly regained its stability (> 98% COD removal efficiency), when volumetric loading rate (VLR) decreased at day 148 while maintaining the reduced nitrogen concentration. The effect of nitrogen on the performance of AnMBRs treating cheese whey was broadly discussed in Dereli et al. (2018) . They reported that nitrogen limitation caused reactor instability in terms of volatile fatty acid (VFA) accumulation, especially propionic acid, and a low COD to nitrogen ratio is required for efficient treatment of rapidly degradable wastewaters. The specific methane generation of the reactor varied between 0.24 and 0.30 Nm 3 kg -1 COD removed throughout the study. The effluent total COD concentration at an average VLR of 5 kg COD m -3 d -1 was 365 mg L -1 . It was even possible to obtain a mean effluent COD concentration of 55 mg L -1 when the operating VLR was reduced to 2 kg COD m -3 d -1 . However, at these low VLRs, AnMBRs lose their advantage and feasibility over ordinary CSTR reactors (Liao et al., 2006) . The performance of different anaerobic reactor configurations for the treatment of cheese whey is summarized in Table 2 . As it can be seen from Table 2 , the studies conducted with AnMBRs reported very high COD removal efficiencies, outperforming the other types of reactors. This is mainly due to the presence of membrane separation that removes all the particulate matter from the effluent. At normal operation conditions (VLR around 5 kg COD m -3 d -1 ) the COD removal efficiency of the AnMBR was always over 95% which indicates the stability of the system compared to other types of reactors with a wide range of COD removal efficiency (10-99%). This is due to the prevention of uncontrolled biomass washout which makes the AnMBRs more stable under changing operation conditions such as VLR and pH variations. Another advantage of AnMBR is the particle and pathogen free permeate production which can be directly reused in agriculture or in industries after nano filtration (NF) or reverse osmosis (RO) polishing. The high lactose content of cheese whey is known to promote acidogenic biomass growth (Yang et al., 2003; Diamantis et al., 2014; Dereli et al., 2015 Dereli et al., , 2018 . The sludge yield was calculated as 0.19 ± 0.03 g VSS g -1 COD removed . This is considered very high but it agrees well with the yields reported for the anaerobic treatment of carbohydrate-based wastewaters (Fernández et al., 2011; De Kok et al., 2013) . The TSS and VSS concentrations in the reactor are depicted in ; the resulting SRT was about 50 days. Similarly, Spagni et al. (2010) had to increase sludge discharge to control MLSS concentration and consequently reduce the SRT while operating an AnMBR fed with whey and sucrose mixture.
Long term filtration performance
The operating flux, TMP and membrane permeability of the labscale cross-flow AnMBR is given in Fig. 4 MLSS concentration and they applied a CFV of 5 m s -1 that is significantly higher than the present study. Besides that, the reported high fluxes were obtained in short term tests (< 60 min) and it is not clear that these were sustained during long term operation. Spagni et al. (2010) In the current study a decreasing supernatant filterability, which correlated well with gradually increasing colloidal COD, was observed (Fig. 5) . The supernatant filterability provides insight in the fouling propensity of fine particles such as colloids and solutes (Rosenberger et al., 2006; Le-Clech et al., 2006; Meng et al., 2009 ). We found a moderate correlation between supernatant COD and membrane permeability (Pearson correlation coefficient: -0.49). Spagni et al. (2010) reported a high correlation between supernatant COD and membrane fouling when treating whey and sucrose mixture in an AnMBR. Le-Clech et al. (2006) evaluated that the relative contribution of supernatant COD to overall membrane fouling ranges from 17% to 81% in membrane bioreactors (MBRs). In addition to the increase of supernatant COD, the median particle size of the mixed liquor decreased to 13 µm and the particle size distribution became bimodal (Fig. 6 ). This may be due to accumulation of colloids and/or proliferation of acidogenic bacteria which grow dispersedly over rapidly fermentable substrate, i.e. lactose (Alphenaar, 1994; Jeison et al., 2009; Dereli et al., 2015) . In parallel to these findings, two different fractions of sludge became visible, a dark and a light fraction, especially in the pellet when the sludge was centrifuged. The median particle size of the light fraction was only 4 µm, which was significantly lower than the bulk sludge.
The decrease in the membrane permeability may be due to several reasons such as increasing TSS concentration, viscosity and supernatant COD and decreasing median particle size of the sludge. These parameters are known to influence the fouling in membrane bioreactors (LeClech et al., 2006; Meng et al., 2009 ). Although there is no consensus on the effect of TSS concentration on membrane fouling and sludge filterability, it is often regarded as one of the main foulant parameters (LeClech et al., 2006) . The interaction between the solutes, colloids and particles makes the TSS concentration a difficult parameter to evaluate. Lousada-Ferreira et al. (2015) reported for aerobic MBRs that there is an optimum MLSS concentration, which ensures both particle Table 2 Performance summary of different types of anaerobic reactors used for the treatment of cheese whey. Calculated from the reported data.
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R.K. Dereli et al. Environmental Research 168 (2019) 109-117 flocculation and good filterability. Cake layer formation was reported as the most important fouling mechanism in AnMBRs (Jeison and van Lier, 2007; Charfi et al., 2012) . According to standard filtration theory, explained by Carman-Kozeny equation, the filtration resistance of cake layer increases as its porosity decreases. Thus, accumulation of small sized particles on the membrane results in compact and less porous structures with a high filtration resistance. It was also reported that small sized particles have a higher tendency to interact with membrane surface (Shen et al., 2015) . The back transport of particles from the membrane surface is strongly dependent on their diameter (Choo and Lee, 1998) and it requires a higher shear rate to prevent the small particles depositing on the membrane. On the other hand, several researchers reported that even at high crossflow velocities and/or at very low fluxes, the fouling continues to develop due to adsorption of foulants on the membrane surface (Le-Clech et al., 2003; Zhang et al., 2007) . Adhesion of solutes, colloids and small particles on the membrane generates the so called "gel layer" with a high porosity and water content but an extremely high filtration resistance (Chen et al., 2016) . Recent studies shed some light on the unexpectedly high filtration resistance of gel layer and led to the development of osmotic pressure effect due to chemical pressure gap hypothesis (Chen et al., 2016) . According to that, chemical potential of bound water in the gel layer is relatively lower than permeate water, thus thermodynamically it requires an extra energy to overcome this difference and drag the water molecules to permeate side. This hypothesis was further explained by using Flory-Huggins theory (Teng et al., 2018) . Moreover, it was reported that divalent cations, i.e. calcium, can affect the coordination and physical structure of gel layer, further enhancing its filtration resistance through binding and crosslinking of organic polymers (Zhang et al., 2017 (Zhang et al., , 2018 . Therefore, high concentration of calcium in cheese whey can be an important factor on fouling development and decreasing membrane permeability in the AnMBR.
Short term critical flux tests
During operation, the critical flux decreased from 20 to 9 L m -2 h -1 within 2.5 months and remained stable until the end of experimental study (Table 3 ). The decrease in critical flux agrees well with decreasing supernatant filterability and median particle size, and increasing colloidal COD. In order to investigate the effect of MLSS concentration (10, 20 and 32 g L -1 ) and CFV (0.25, 0.5, 1.0 and 1.4 m s -1 ), a series of critical flux experiments were conducted at the end of reactor operation. It is worth noting that short term critical tests do not predict the long term permeability and fouling profile of extended membrane operation (LeClech et al., 2006) . The results of short term critical flux tests are presented in Fig. 7 . As expected, increasing CFV and decreasing MLSS concentrations significantly improved the critical flux. A critical flux as high as 36 L m -2 h -1 could be obtained at a MLSS concentration and CFV of 10 g L -1 and 1.4 m s -1 , respectively. High TSS concentrations also increase the mixed liquor viscosity, which results in retardation of back transport effect and increased deposition of small sized particles on the membrane surface (Deng et al., 2016) . At a shear rate of 483 s -1 , the viscosity of the sludge at 10, 20 and 32 g TSS L -1 was measured as 4.5, 6.9 and 11.6 mPa s, respectively. Similar results were reported by Ho and Sung (2009) R.K. Dereli et al. Environmental Research 168 (2019) 109-117 reported that a CFV of at least 0.5-0.8 m s -1 is required in order to create transitional flow (Reynolds number ≥ 2100) around the membrane surface when the TS concentration is between 10 and 20 g L -1 , and even higher CFVs are necessary at elevated TS levels. Choo et al. (2000) showed that cake layer resistance in AnMBRs can be decreased by increasing the CFV, but at a Reynolds number of 2000 a plateau was reached and no further reduction could be obtained. In AnMBRs, increasing CFV is a strategic decision, which has several consequences on performance and feasibility. The first is the trade-off between lower membrane area requirement due to increased flux and higher energy consumption (Dereli et al., 2012) . It is also reported that more severe long term fouling may occur at elevated CFVs due to the thinning of cake layer, which may subsequently lead to increased inner pore blocking (Choo and Lee, 1998; Le-Clech et al., 2006; Zhang et al., 2007 Zhang et al., , 2011 . Therefore, high CFVs may result in increased irrecoverable fouling on the long term operation . Moreover, in membrane bioreactors, an increased shear rate results in floc disruption, yielding an increased number of small sized particles (Ho and Sung, 2009) . Considering the fact that the smallest particle size determines the attainable flux in membrane filtration (Jeison et al., 2009; Zhang et al., 2011) , selective disposal of light solids fraction with a smaller median particle size is a promising option to increase the flux. This may help both decreasing the TSS content and increasing the median particle size of the mixed liquor. In such way, a higher operating flux can be obtained without significantly increasing the CFV which is both economically and energetically more attractive. Another option for controlling the particle size distribution in AnMBRs may be adding flocculants to the reactor (Díaz et al., 2014) . Two staged reactor configurations consisting of an anaerobic dynamic membrane bioreactor (AnDMBR) as acidogenic phase may also be considered for controlling extensive accumulation of dispersed acidogenic biomass in methanogenic AnMBR.
Membrane autopsy
The SEM photographs of the fouled membrane showed a thin and compact cake layer on the membrane (Fig. 8b) . Flushing the membrane with tap water did not seem to effectively remove the cake layer. Moreover, the chemical cleaning procedure applied in the study could not completely remove the fouling layer from the membrane surface. Although the duration of chemical cleaning was extended up to 4 h towards the end of the study, its effectiveness gradually decreased (see also Fig. 4 ). This indicates irreversible fouling has occurred on the membrane. The remaining thin but compact fouling layer (Fig. 8d) seems to be the reason for the deteriorating permeability recovery towards the end of the study. The EDX spectra of fouled membrane showed that the cake layer contained several inorganic foulants such as calcium, phosphorus, sulphur, silicon, iron and copper (Supplementary document). This is not unexpected since whey contains several salts, and heavy metals were dosed as micronutrients to sustain a stable biological performance in the AnMBR. It was noted that after soaking into NaOCl solution, several inorganic species still remained in the fouling layer indicating the inefficiency of NaOCl cleaning for the removal of inorganic foulants. Only after citric acid cleaning, a number of inorganic foulants, i.e. calcium, could be removed from the surface. Fig. 9 depicts the FTIR spectra of fouled, physical and chemical cleaned membrane pieces. The peaks at 1017 and 1094 cm -1 are typically due to C-O bonds of polysaccharides and alcohols, respectively (Lin et al., 2009 ). Gao et al. (2010) reported that peak in the vicinity of 1240 cm -1 is due to C-N stretching of secondary protein structures, namely amides. Peak around 1450 cm -1 can be associated with C-H bonds of alkanes (Gao et al., 2010) . The strong peak at 1713 cm -1 can be attributed to carboxyl groups and representing typical characteristics of humic acids (Tian et al., 2011) . FTIR analysis revealed that the membrane was fouled with polysaccharides and proteins and neither physical cleaning nor NaOCl cleaning was effective on removing the foulants. However, citric acid cleaning showed a relatively better performance which suggest inorganic foulants were present in the cake layer. These result are in line with SEM and EDX observations and they validate that complexation of organic foulants with cations, i.e. calcium, were the main fouling mechanism in the AnMBR treating cheese whey. Spagni et al. (2010) applied a much more vigorous chemical cleaning procedure (immersion to 0.5% NaOCl for 7 h, 0.1% HCl to 16 h and then 0.3% NaOCl for 5 h) which could almost completely remove fouling in an AnMBR treating whey and sucrose mixture. During operation, they applied frequent relaxation cycles (1 min in every 5 min), which may help to mitigate membrane fouling. In situ physical cleaning supplied by intermittent backwash cycles (60 min filtration and 2 min backwash) applied in our study was not very effective in preventing long term fouling, and more frequent and/or stronger backwash might reduce membrane fouling due to cake compaction. Yigit et al. (2009) compared the effect of different backwash scenarios on fouling development and concluded that frequent and extended backwash successfully mitigates fouling when the membrane is operated below critical flux. On the other hand, Wu et al. (2008) reported that strength of backwash is more important compared to its frequency in fouling control. It should be noted that increasing backwash strength and/or frequency would inevitably decrease the net flux, thus membrane operation should be optimized to obtain both effective fouling control and permeate recovery. Another option for fouling control is using chemically enhanced backwash (CEB) to address inorganic fouling observed in this study (Wang et al., 2014) . Ramos et al. (2014) reported that CEB with NaOCl could efficiently remove the internal fouling resistance in an AnMBR treating wastewater with a high oil and grease content. Obviously, there is a necessity to optimize the types of chemicals used in CEB depending on the composition of membrane foulants.
Conclusions
Cheese whey was successfully treated in a cross-flow AnMBR at an average VLR of 5 kg COD m -3 d -1 . A stable treatment performance (over 95% COD removal) was obtained due to the prevention of any unwanted biomass loss by the membrane. Sludge filterability deteriorated due to gradual increase of fine particles and colloidal COD. Short term critical flux tests revealed that it is possible to increase the flux at higher CFVs and/or lower MLSS concentrations. Effectiveness of chemical cleaning decreased and irremovable membrane fouling occurred during long term operation. Membrane autopsy showed that the membrane was fouled with organic (proteins and polysaccharides) and inorganic foulants (i.e. calcium) Therefore, it is necessary to prolong membrane permeability by improving the chemical cleaning efficiency through R.K. Dereli et al. Environmental Research 168 (2019) 109-117 optimization of its frequency and intensity of chemicals. Moreover, optimization of membrane operation (backwash and/or chemically enhanced backwash frequency and strength) is required for mitigating long term fouling. R.K. Dereli et al. Environmental Research 168 (2019) 109-117 
